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MEMORY DEVICE AND METHOD OF
CONTROLLING LEAKAGE CURRENT
WITHIN SUCH A MEMORY DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a memory device compris-
ing an array of memory cells, and to a method of controlling
leakage current within such a memory device.

2. Description of the Prior Art

When developing memory devices, significant develop-
ment effort is expended in seeking to improve the perfor-
mance, and/or reduce the power consumption, associated
with write and read operations. For example, the articles “A
Step-Down Boosted-Wordline Scheme for 1-V Battery-Op-
erated Fast SRAMs”, by H Morimura et al, IEEE Journal of
Solid-State Circuits, Volume 33, No. 8, August 1998, Pages
1220 to 1227, “PVT-and-Aging Adaptive Wordline Boosting
for 8T SRAM Power Reduction” by A Raychowdhury et al,
ISSCC 2010, Session 19, High-Performance Embedded
Memory, 19.6, Pages 352 to 354, and “Low Power SRAM
with Boost Driver Generating Pulsed Word Line Voltage for
Sub-1V Operation” by M lijima et al, Journal of Computers,
Volume 3, No. 5, May 2008, Pages 34 to 40, describe various
techniques for boosting a word line voltage for either perfor-
mance or power reduction reasons.

The article “A 45 nm Dual-Port SRAM with Write and
Read Capability Enhancement at Low Voltage” by D Wang et
al, IEEE 2007, Pages 211 to 214 describes write and read
enhancement mechanisms which boost the ground line to a
negative potential. As another approach for improving per-
formance, the article “An 8T Sub-Threshold SRAM Cell
Utilising Reverse Short Channel Effect for Write Margin and
Read Performance Improvement” by T Hyoung Kim et al,
IEEE 2007 Custom Integrated Circuits Conference (CICC),
Pages 241 to 244, describes improving write margin and read
performance of 8T sub-threshold SRAMs by using long
channel devices to utilise the pronounced reverse short chan-
nel effect. The article “8T Single-Ended Sub-Threshold
SRAM with Cross-Point Data-Aware Write Operation” by Yi
Chiu et al, IEEE 2011, pages 169 to 174, describes a 8T
SRAM cell suitable for low power and low voltage operation,
the cell having a structure which maintains disturbance free
read operation, whilst improving the write-ability of the cell
in order to improve the minimum voltage at which write
operations can be performed.

Whilst articles such as those mentioned above are con-
cerned with improving performance and/or reducing power
consumption of the memory device, another issue is becom-
ing more and more significant, this issue being the amount of
leakage current observed within the memory device.

As process geometries shrink in modern data processing
systems, the variability in the operating characteristics of the
individual circuit elements increases. Considering as an
example a memory device consisting of an array of memory
cells, it will be understood that each memory cell will typi-
cally consist of a number of electronic components such as
transistors, and the variability in those individual components
significantly increases as process geometries shrink. Further-
more, there is an increasing desire to operate data processing
systems at lower and lower supply voltages, but as the supply
voltage decreases, reliability issues due to the variations in the
individual components become more prominent.

One reliability concern arises from the fact that leakage
current can increase within the individual memory cells as the
process geometries shrink. There are various potential leak-
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age current paths within a memory device, but one area of
concern is leakage current arising through components con-
nected to a bit line within the memory device.

An array of memory cells will typically be arranged as a
plurality of rows and columns, each row of memory cells
being coupled to at least one associated word line (in some
implementations there will be separate word lines for write
operations and read operations), and each column of memory
cells forming at least one column group. One or more bit lines
will typically be associated with each column group (again
some implementations will provide separate write bit lines
and read bit lines), and each memory cell in the column group
will have components coupled to such bit lines.

When the memory cells in one or more columns are not
being accessed, there will continue to be various components
coupled to the bit lines, and these can give rise to leakage
paths through which leakage current occurs, increasing the
power consumption of the device.

Considering as an example a single-ended memory cell,
such a memory cell uses a single read bit line coupled via
coupling circuitry to an internal node of the memory cell to
allow the data value stored in that memory cell to be read
during a read operation. The single read bit line is precharged
to a first voltage level (typically the supply voltage Vdd) prior
to a read operation, and then if a memory cell coupled to that
read bit line is addressed during a read operation (by an
asserted read word line signal on the read word line to which
that memory cell is coupled), the voltage on the bit line will
either stay at the first voltage level, or will discharge towards
a second voltage level (typically a ground potential), depend-
ing on the value stored within the memory cell.

When the memory cells of a column group are not being
subjected to a read operation, all of the memory cells within
a column group will still be coupled to the read bit line via
their associated coupling circuitry, and this can give rise to
significant leakage current.

Accordingly, it would be desirable to provide an improved
technique for reducing such leakage current within a memory
device, without compromising performance of the memory
device.

SUMMARY OF THE INVENTION

Viewed from a first aspect, the present invention provides a
memory device comprising: an array of memory cells
arranged as a plurality of rows and columns, each row of
memory cells being coupled to an associated read word line,
each column of memory cells forming at least one column
group, and the memory cells of each column group being
coupled to an associated read bit line, each column group
having an active mode of operation where a read operation is
able to be performed on an activated memory cell within that
column group, and a non-active mode of operation where said
read operation is not able to be performed; precharge circuitry
configured, for each column group, to precharge the associ-
ated read bit line to a first voltage level prior to said read
operation; each memory cell comprising coupling circuitry
connected between the associated read bit line and a reference
line associated with the column group containing that
memory cell; reference line control circuitry configured, for
each reference line having an associated column group in said
active mode of operation, to connect that reference line to a
second voltage level different to said first voltage level, and
configured for each reference line not having an associated
column group in said active mode of operation to disconnect
that reference line from said second voltage level; and word
line boosting circuitry configured to generate an asserted
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word line signal at a boosted voltage level on the read word
line associated with the row of memory cells to be activated
during said read operation; during said read operation the
coupling circuitry associated with each activated memory cell
is configured to be activated by the asserted word line signal
and to selectively discharge the associated read bit line
towards the second voltage level present on said associated
reference line dependent on a data value stored within that
activated memory cell; and for each reference line not having
an associated column group in said active mode of operation,
the action of the reference line control circuitry disconnecting
that reference line from the second voltage level serving to
remove a leakage current path through the coupling circuitry
of each memory cell of that associated column group.

In accordance with the present invention, reference lines
are established, and each column group is associated with one
of those reference lines. For each reference line, reference
line control circuitry is then used to selectively connect that
reference line to the second voltage level, or to disconnect the
reference line from the second voltage level. In particular, for
each reference line that has an associated column group that
is in an active mode of operation (i.e. where a read operation
can be performed on an activated memory cell within that
column group) the reference line control circuitry connects
that reference line to the second voltage level. Conversely, for
any reference line that does not have an associated column
group in the active mode of operation, that reference line is
disconnected from the second voltage level, causing the volt-
age on that reference line to float, thereby reducing a leakage
current path though the coupling circuitry of each memory
cell of that associated column group.

Such an approach significantly reduces the leakage current
through the coupling circuitry. However, since the reference
line control circuitry will result in an additional component
being present in the path between the read bit line and the
second voltage level when the associated column group is in
the active mode of operation, this could potentially impact the
performance of the read operation. To compensate for that
potential reduction, the present invention includes word line
boosting circuitry configured to generate an asserted word
line signal at a boosted voltage level on the read word line, this
increasing the performance of the coupling circuitry and
ensuring that the presence of the reference line control cir-
cuitry does not impact on the read performance. Boosting the
read word line voltage can increase read performance signifi-
cantly, thus allowing the above arrangement to simulta-
neously achieve both low leakage and high performance.

The reference lines can be established in a variety of ways.
For example, in one embodiment each column group is con-
figured to have its own reference line. In an alternative
embodiment, multiple of the column groups may share a
reference line. There are a number of ways in which multiple
column groups can be configured to share a reference line. For
example, the multiple column groups that share a reference
line may reside within a single column of the memory array.
Alternatively, in embodiments where the various columns of
the array are multiplexed to allow different parts of the
memory to be accessed during a read operation, the multiple
columns that share a reference line may be multiple columns
that are provided in a multiplexed arrangement such that only
one of those multiple columns is activated during a particular
read operation.

The reference line control circuitry can take a variety of
forms. However, in one embodiment the reference line con-
trol circuitry comprises a reference line control unit for each
reference line, and the memory device comprises control
circuitry configured to generate an enable signal for each
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4

reference line control unit. Each reference line control unit is
responsive to the control circuitry setting the enable signal to
connect the associated reference line to the second voltage
level, and is responsive to the control circuitry clearing the
enable signal to disconnect the associated reference line from
the second voltage level.

Each reference line control unit can take a variety of forms.
In one embodiment, each reference line control unit com-
prises NMOS transistor circuitry, and the enable signal is set
to a logic one value to turn on the NMOS transistor circuitry,
and is cleared to a logic zero value to turn oftf the NMOS
transistor circuitry.

The NMOS transistor circuitry can be arranged in a variety
of' ways. For example, to increase the drive strength, it can be
constructed from a plurality of NMOS transistors in parallel
between the reference line and the second voltage level. This
would ensure that in situations where the associated reference
line had an associated column group in the active mode of
operation, the NMOS transistor circuitry would operate more
strongly to pull the reference line to the second voltage level.
However, it would increase the leakage current through the
NMOS transistor circuitry in the non-active mode of opera-
tion when compared with a weaker NMOS transistor cir-
cuitry. In an alternative embodiment, the NMOS transistor
circuitry forming the reference line control circuitry may be
arranged as a stack of NMOS transistors placed in series
between the reference line and the second voltage level. This
would decrease the drive strength during the active mode of
operation, but would ensure that when the associated refer-
ence line did not have an associated column group in the
active mode of operation, the stacked arrangement of NMOS
transistors forming the reference line control circuitry would
improve the leakage current reduction obtainable.

The enable signal generated for each reference line control
unit can be generated in a variety of ways. However, in
embodiments where the earlier described multiplexing
arrangement is used, the enable signal may be derived from a
column multiplexer read selection signal used to identify the
columns of the array whose memory cells are to be subjected
to the read operation.

In one embodiment, the memory device further comprises
word line driver circuitry configured, during the read opera-
tion, to generate the asserted word line signal as a pulse signal
onthe read word line coupled to the row of memory cells to be
activated during said read operation so as to activate those
memory cells whilst the pulse signal is asserted, the word line
boosting circuitry being incorporated within the word line
driver circuitry. Further, sense amplifier circuitry is con-
nected to the associated read bit line of each column group,
and is configured for each activated memory cell to determine
that that activated memory cell stores a first value if the
voltage on the associated read bit line transitions to a trip
voltage level between said first and said second voltage levels
whilst the read word line pulse signal is asserted, and to
determine that that activated memory cell stores a second
value if the voltage on the associated read bit line does not
transition to said trip voltage level whilst the read word line
pulse signal is asserted.

In such an embodiment, the word line boosting circuitry
can be arranged in a variety of ways. However, in one embodi-
ment, the word line driver circuitry includes an inverter circuit
whose output forms the read word line pulse signal, and the
word line boosting circuitry is configured to boost the voltage
across the inverter circuit for at least part of the period that the
read word line pulse signal is asserted. This provides a simple
and effective mechanism for boosting the voltage level of the
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asserted word line signal to thereby improve the speed of
operation of the coupling circuitry.

In one embodiment, the memory device may further com-
prise bit line keeper circuitry coupled to each read bit line and
configured during a read operation to weakly pull the voltage
on each read bit line towards the first voltage level so as to
avoid leakage current within the coupling circuitry of the
memory cells of the associated memory cell group from caus-
ing the voltage on the associated read bit line to transition to
said trip voltage level between said first and said second
voltage levels whilst the read word line pulse signal is
asserted. The bit line keeper circuitry hence ensures that the
correct data value is detected by the read operation, by pre-
venting leakage current within the coupling circuitry from
potentially causing an incorrect value to be sensed.

The coupling circuitry associated with each memory cell
can take a variety of forms. However, in one embodiment the
coupling circuitry of each memory cell comprises a plurality
of coupling transistors arranged in series between the associ-
ated read bit line and the reference line, a gate terminal of at
least one of the coupling transistors being connected to the
associated read word line and a gate terminal of at least one
other of the coupling transistors being connected to an inter-
nal storage node of the memory cell. In one particular
embodiment, the coupling transistors are NMOS transistors.

The first and second voltage levels will vary dependent on
implementation. However, in one embodiment the first volt-
age level is a supply voltage level and the second voltage level
is a ground voltage level.

Whilst in one embodiment each column of memory cells
may include a single column group, in an alternative embodi-
ment each column of memory cells forms a plurality of col-
umn groups.

Viewed from a second aspect, the present invention pro-
vides a method of controlling leakage current within a
memory device comprising an array of memory cells
arranged as a plurality of rows and columns, each row of
memory cells being coupled to an associated read word line,
each column of memory cells forming at least one column
group, and the memory cells of each column group being
coupled to an associated read bit line, each column group
having an active mode of operation where a read operation is
able to be performed on an activated memory cell within that
column group, and a non-active mode of operation where said
read operation is not able to be performed, the method com-
prising: for each column group, precharging the associated
read bit line to a first voltage level prior to said read operation;
for each memory cell, providing coupling circuitry connected
between the associated read bit line and a reference line
associated with the column group containing that memory
cell; for each reference line having an associated column
group in said active mode of operation, connecting that ref-
erence line to a second voltage level different to said first
voltage level; generating an asserted word line signal at a
boosted voltage level on the read word line associated with
the row of memory cells to be activated during said read
operation; during said read operation, causing the coupling
circuitry associated with each activated memory cell to be
activated by the asserted word line signal and to selectively
discharge the associated read bit line towards the second
voltage level present on said associated reference line depen-
dent on a data value stored within that activated memory cell;
and for each reference line not having an associated column
group in said active mode of operation, disconnecting that
reference line from said second voltage level in order to
remove a leakage current path through the coupling circuitry
of each memory cell of that associated column group.
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Viewed from a third aspect, the present invention provides
a memory device comprising: an array of memory cell means
arranged as a plurality of rows and columns, each row of
memory cell means for coupling to an associated read word
line, each column of memory cell means for forming at least
one column group, and the memory cell means of each col-
umn group for coupling to an associated read bit line, each
column group having an active mode of operation where a
read operation is able to be performed on an activated
memory cell means within that column group, and a non-
active mode of operation where said read operation is not able
to be performed; precharge means, for each column group, for
precharging the associated read bit line to a first voltage level
prior to said read operation; each memory cell means com-
prising coupling means for connecting between the associ-
ated read bit line and a reference line associated with the
column group containing that memory cell means; reference
line control means, for each reference line having an associ-
ated column group in said active mode of operation, for
connecting that reference line to a second voltage level dif-
ferent to said first voltage level, and for each reference line not
having an associated column group in said active mode of
operation, for disconnecting that reference line from said
second voltage level; and word line boosting means for gen-
erating an asserted word line signal at a boosted voltage level
on the read word line associated with the row of memory cell
means to be activated during said read operation; during said
read operation the coupling means associated with each acti-
vated memory cell means being activated by the asserted
word line signal and for selectively discharging the associated
read bit line towards the second voltage level present on said
associated reference line dependent on a data value stored
within that activated memory cell means; and for each refer-
ence line nothaving an associated column group in said active
mode of operation, the action of the reference line control
means disconnecting that reference line from the second volt-
age level serving to remove a leakage current path through the
coupling means of each memory cell of that associated col-
umn group.

Viewed from a fourth aspect, the present invention pro-
vides a computer program storage medium (for example a
non-transitory storage medium) storing a memory compiler
computer program for controlling a computer to generate an
instance of a memory device from a memory architecture
associated with the memory compiler computer program, the
memory architecture specifying a definition of circuit ele-
ments and data defining rules for combining those circuit
elements, such that said instance generated specifies a
memory device in accordance with the first aspect of the
present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described further, by way of
example only, with reference to embodiments thereof as illus-
trated in the accompanying drawings, in which:

FIGS. 1A and 1B illustrate two alternative configurations
of memory block structures that can be used to form a
memory array of a memory device in accordance with
embodiments;

FIG. 2 illustrates components provided in association with
one column within a block structure in accordance with the
arrangement of FIG. 1A;

FIG. 3 illustrates the same column arrangement as in FIG.
2, but with the reference line shared between the top and
bottom sections, in accordance with an alternative embodi-
ment;
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FIGS. 4A and 4B illustrate two possible arrangements for
the reference lines in embodiments where two columns are
configured in a multiplexed arrangement;

FIG. 5A illustrates word line boosting circuitry in accor-
dance with one embodiment;

FIG. 5B is atiming diagram illustrating the operation of the
circuitry of FIG. 5A;

FIG. 6 illustrates how a plurality of block structures in
accordance with FIG. 1A may be coupled to form a column of
the memory array with an associated global read bit line;

FIG. 7 is a block diagram schematically illustrating the
logical arrangement of a memory device in accordance with
one embodiment;

FIG. 8 is a diagram schematically illustrating the operation
of'a memory compiler to generate a memory instance includ-
ing the reference line control circuitry and word line boosting
circuitry of the described embodiments; and

FIG. 9 is a diagram of a computer system on which a
memory compiler operation may be performed to generate a
memory instance conforming to the above described embodi-
ments.

DESCRIPTION OF EMBODIMENTS

A memory device in accordance with one embodiment
comprises an array of memory cells arranged as a plurality of
rows and columns, each row of memory cells being coupled
to an associated read word line, and each column of memory
cells forming at least one column group, with the memory
cells of each column group being coupled to an associated
read bit line. The memory array may be constructed using
block structures such as shown in FIGS. 1A and 1B. Whilstin
one embodiment the memory array may comprise a single
block structure, in an alternative embodiment multiple block
structures may be used to form the memory array.

Considering the block structure of FIG. 1A, two memory
cell groups are defined, namely a top memory cell group 10
and a bottom memory cell group 20, both of these memory
cell groups sharing the same sense amplifier circuitry 15. The
top and bottom memory cell groups may provide multiple
columns of'cells, but each column within a particular memory
cell group will form the earlier mentioned column group.
Accordingly, in this embodiment each column of memory
cells within the top memory cell group 10 will be connected
to an associated read bit line, and each column of memory
cells within the bottom memory cell group 20 will also be
connected to an associated read bit line. The read bit lines
connected to columns of the top memory cell group will be
referred to as top read bit lines (RBL ;) whilst the read bit
lines associated with columns of the bottom memory cell
group 20 will be referred to as bottom read bit lines
(RBLgorronm)-

In accordance with the design of FIG. 1A, for each top read
bit line and corresponding bottom read bit line, the sense
amplifier circuitry will provide a NAND gate structure 25 to
produce a consolidated sense amplifier output for that pair of
read bit lines. Prior to a read operation, both bit lines will be
precharged to a logic one value. During the read operation, a
read word line pulse signal will be asserted to activate the
memory cells within an addressed row of the array, and
accordingly considering a particular pair of top and bottom
read bit lines, at most only one of the memory cells connected
to those pair of bit lines will be activated. During the read
operation, that activated memory cell will discharge the volt-
age on its associated read bit line towards the logic zero
voltage level (typically a ground voltage level) if a data value
stored in that activated memory cell has a first value. Ifinstead
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the data value is at a second value, no such discharging will be
performed. Due to the operation of the NAND gate structure,
it will be appreciated that the sense amp output signal will
remain at a logic zero value if neither of the pair of read bit
lines is discharged, but will flip to a logic one value if either
one of the read bit lines is discharged towards a logic zero
level. Hence, when the activated memory cell stores the first
value, the sense amplifier output should flip from a logic zero
value to a logic one value during the period whilst the read
word line pulse signal is asserted, but if the activated memory
cell stores the second value the sense amplifier output should
not flip, and instead should remain at the logic zero level.

FIG. 1B illustrates an alternative block structure, where
each group of memory cells 30 has its own associated sense
amplifier circuitry 35. In this example, the sense amplifier
circuitry can be constructed using an inverter 40, and again
the sense amplifier output observes the same property as
described earlier withreference to FIG. 1A. In particular, ifan
addressed memory cell in a column stores the first value, the
bit line should discharge towards a logic zero level, causing
the sense amplifier output to flip to a logic one value during
the period whilst the read word line pulse signal is asserted. If
instead the addressed memory cell stores the second value, no
flip in the output of the sense amplifier should occur, and
instead it should remain at a logic zero level.

FIG. 2 is a diagram illustrating the components provided in
association with a single column within the block structure of
FIG. 1A in accordance with one embodiment. In particular,
the components connected to the top read bit line 150 are
illustrated, that read bit line 150 providing one input to the
NAND gate 180. The bottom read bit line 185 provides the
second input, and will have the same arrangement of compo-
nents connected to it as are shown in FIG. 2 in respect of the
top read bit line 150.

Considering the top read bit line 150, a series of memory
cells 100, 155, 160, 165 are connected to the read bit line.
Each memory cell has the form shown in detail with respectto
the memory cell 100. In particular, the basic memory cell
consists of the two NMOS pass gate transistors 115, 120 and
the two inverters 105, 110 (formed in the standard way using
an arrangement of four transistors), but in addition coupling
circuitry 130 consisting of two NMOS transistors 135, 140 is
also provided for use during a read operation.

Considering first a write operation directed to the memory
cell 100, the write word line (WWL) signal will be asserted to
turn on the pass gate transistors 115, 120. Write driver cir-
cuitry will then control the voltages on the write bit lines 122,
124 in order to cause the required data value to be written into
the memory cell, and at the end of the write operation the
write word line signal will be de-asserted to turn off the pass
gate transistors 115, 120, and hence isolate the data holding
part ofthe cell formed by the inverters 105, 110 from the write
bit lines 122, 124. Accordingly, at this point a logic one or a
logic zero value will be stored at the node X 125, dependent
on the voltages driven on the bit lines 122, 124 during the
write operation.

Whereas in a typical prior art system, the transistor 135 of
the coupling circuitry 130 would normally be connected
directly to the same ground potential as is used for the inverter
pair 105, 110, in accordance with the described embodiments
the coupling circuitry 130 is actually connected to its own
virtual ground level VSSRD provided by a reference line 195,
with that reference line then being coupled via reference line
control circuitry 190 to the ground potential.

In the embodiment shown in FIG. 2, the reference line
control circuitry takes the form of NMOS transistor circuitry,
with the gate of the NMOS transistor circuitry receiving an
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enable signal which will either be set or cleared. In particular,
when the column group connected to the reference line 195 is
in an active mode of operation, i.e. where a read operation can
be performed on any of the memory cells within that associ-
ated column group, the enable signal is set high to turn on the
reference line control circuitry 190, and hence connect the
reference line 195 to the ground potential. At this point, a read
operation can be performed in the standard manner.

In particular, during a read operation, a signal on the read
word line 145 will be asserted, turning on the transistor 140 of
the coupling circuitry 130 for an addressed row of memory
cells. Prior to the read word line signal being asserted, the
read bit line 150 will have been precharged to the logic one
(Vdd) level using the precharge PMOS transistor 170, and
accordingly it can be seen that once the read word line signal
is asserted, the read bit line 150 will selectively discharge
towards the logic zero level dependent on the value stored at
the node X 125 within the memory cell 100. In particular, if
the node 125 stores a first value, namely a logic one value, this
will turn on the NMOS transistor 135, and cause the bit line
150 to be discharged towards ground via the reference line
195 (which is connected to ground due to the NMOS transis-
tor circuitry 190 being turned on). Conversely, if the node 125
stores a logic zero value, the transistor 135 will not be turned
on, and the voltage on the bit line should remain at the Vdd
level. The sense amplifier 180 will initially have an output at
alogic zero level, but as discussed earlier that output will flip
to a logic one level during the course of the read operation if
the node 125 stores a logic one value and hence the read bit
line 150 is discharged.

However, it will be noted that multiple memory cells are
coupled to the read bit line 150, each having associated cou-
pling circuitry 130. As device geometries shrink, it has been
found that the leakage current through the coupling circuitry
has become more significant. In particular, whilst only one of
the coupling circuits within the column will have its transistor
140 turned on by an asserted read word line signal, all of the
other coupling circuits may contribute to leakage current. The
most significant cause of the leakage current is from non-
addressed memory cells that store at their node 125 a logic
one value. In this situation, although the coupling transistor
140 is turned off, the coupling transistor 135 is turned on, and
leakage current through the coupling circuit 130 in that situ-
ation will tend to pull the voltage on the read bit line 150 down
towards the logic zero level. Some further leakage current
also occurs in non-addressed memory cells where the node X
125 stores a logic zero value, and indeed in connection with
an addressed memory cell where node X 125 stores a logic
zero value (in which case the transistor 140 will be turned on
but the transistor 135 will be turned off).

It has been found that as process geometries shrink and the
leakage current increases, these effects can potentially give
rise to a situation where even though the addressed memory
cell stores a logic zero value at its node 125, and accordingly
the bit line 150 should remain at the Vdd supply level during
the read operation, the leakage current causes the voltage on
the bit line to discharge to a significant extent during the
period in which the read word line is asserted that the sense
amplifier 180 flips its output state to a logic one value, thereby
giving an incorrect read value.

In accordance with the embodiment illustrated in FIG. 2, a
keeper circuit 175 is provided to prevent such a situation
arising. The keeper circuitry can take a variety of forms. In
one embodiment, the keeper circuit takes the form of a PMOS
structure whose source and drain are connected between
VDD and the read bit line, and whose gate is connected to the
output from the sense amplifier. At the end of the precharge
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phase, both top read bit line 150 and the bottom read bit line
185 will be precharged to a logic one level, meaning that the
output of the NAND gate 180 is at a logic zero level, hence
turning on the PMOS structure within the keeper circuit, and
causing the read bit line to be weakly pulled towards the logic
one level. If during a subsequent read operation, the
addressed memory cell does not store a data value which
causes the read bit line to be discharged, then the above
mentioned leakage current in the coupling circuits 130 will be
insufficient to overcome the weak pull up function of the
keeper circuit 175, and hence will prevent an incorrect sens-
ing of the data value stored within the addressed memory cell.

Other forms of keeper circuit can also be provided if
desired. For example, a pulse driven keeper circuit is
described in commonly owned, co-pending U.S. patent appli-
cation Ser. No. 13/612,953, the entire contents of which are
hereby incorporated by reference.

However, the coupling circuits not only give rise to leakage
current whilst read operations are being performed, but can
also give rise to leakage current in situations where a read
operation is not being performed, for example because a write
operation is instead being performed, or because the particu-
lar portion of memory is not being addressed by the read
operation.

In accordance with the embodiment shown in FIG. 2, such
leakage current is reduced by clearing the enable signal to the
reference line control circuitry 190 during such periods of
time, thereby disconnecting the reference line 195 from the
ground potential, and causing the voltage on the reference
line to float. During this period, the voltage on the reference
line 195 will increase, and accordingly the leakage current
through the coupling circuits 130 will reduce.

Whilstthe use of the reference line control circuitry in such
a manner significantly reduces the leakage current in such
situations, it could potentially reduce the performance of the
read operation during the periods where the reference line
control circuitry is enabled to connect the reference line 195
to ground, due to the additional NMOS circuitry in the path to
ground. However, in accordance with the embodiment of
FIG. 2, word line booster circuitry 197 is provided for boost-
ing the voltage of the asserted read word line 145, this turning
on the associated NMOS transistor 140 within the coupling
circuitry 130 more strongly, and increasing the performance
of the coupling circuitry 130. It has been found that this
improvement in performance can more than offset any poten-
tial reduction that would arise through the introduction of'the
reference line control circuitry 190, and accordingly it is
possible to maintain the performance of read operations,
whilst significantly reducing leakage current through the cou-
pling circuits 130 when a read operation is not being per-
formed.

The sizing of the NMOS transistor circuitry 190 used to
provide the reference line control circuitry can be varied as
desired. The larger the NMOS transistor circuitry 190 is
made, the stronger it will pull down the reference line 195 to
the ground potential when the enable signal is set. This will
improve performance, but will give less leakage savings than
would be the case if the NMOS transistor circuitry 190 were
made smaller. Conversely, if the NMOS transistor circuitry is
made smaller, it will increase the leakage current savings that
are achievable when the enable signal is cleared, and accord-
ingly the reference line 195 is not connected to the ground
potential, but will have more of a reducing effect on read
performance. Accordingly, it would be necessary to further
boost the word line in order to overcome that reduction in
performance.
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Whilst in the embodiment of FIG. 2 a separate reference
line 195 and associated reference line control circuitry 190 is
provided for both the top and bottom sections of the column
coupled to the NAND structure 180, in accordance with an
alternative embodiment shown in FIG. 3 a single reference
line and associated reference line control circuitry can be
used. Accordingly, the top section includes a plurality of
memory cells 200, 205, 210 coupled to an associated read bit
line 215, whilst the bottom section also consists of a plurality
of memory cells 240, 245, 250 connected to an associated
read bit line 255. Both local bit lines 215, 255 provide an input
to the NAND gate 235, and both sections have their own
associated keeper circuits 230, 275. Similarly, both sections
have their own separate precharging circuits 225, 270 to allow
the top and bottom read bit lines to be precharged indepen-
dently of each other.

However, in accordance with the embodiment of FIG. 3, a
single reference line 220 is provided to which all of the
coupling circuits 130 of the various memory cells 200, 205,
210, 240, 245, 250 are connected, and a single reference line
control circuitry 280 is provided for selectively connecting
that reference line to ground. In accordance with this embodi-
ment, whenever either the top section or the bottom section is
to be subjected to a read operation, then the reference line
control circuitry 280 is activated to connect the reference line
220 to ground. However, in periods of time where neither the
top section nor the bottom section is to be subjected to a read
operation, the reference line control circuitry 280 can be
deactivated, in order to cause the voltage on the reference line
220 to float, thereby significantly reducing leakage current.

FIG. 4A illustrates an alternative embodiment where the
array of memory cells is arranged in a multiplexed arrange-
ment, in the particular example of FIG. 4A the array being
configured in a MUX-2 arrangement. In accordance with this
arrangement, a pair of columns share the sense amp circuitry
340 and the associated keeper circuit 345, with the transistors
330, 380 being used to selectively connect either the local
read bit line 315 of the first column or the local read bit line
365 ofthe second column to the sense amplifier. Accordingly,
in this embodiment only one of these two columns will be the
subject of a read operation at any particular point in time.

Both columns are constructed in the same way, and accord-
ingly the first column has a series of memory cells 300, 305,
310 coupled to an associated local read bit line 315, the local
read bit line having associated precharge circuitry 325. Simi-
larly, the second column has a series of memory cells 350,
355, 360 connected to an associated local read bit line 365,
again that bit line having its own precharge circuitry 375.

Further, the first column has its own reference line 320 and
associated reference line control circuitry 335, whilst the
second column has its own reference line 370 and associated
reference line control circuitry 385.

This configuration is also replicated for the bottom section
of the column block.

When it is desired to perform a read operation on one of
these columns, the relevant MUX signal will be asserted to
either enable the transistor 330 or the transistor 380, and the
same signal can also be used to drive the relevant reference
line control circuitry 335, 385, so that when one of the local
read bit lines is connected to the sense amplifier 340, the
associated reference line is also connected to the ground
potential.

FIG. 4B illustrates an alternative arrangement which is
identical to the arrangement of FIG. 4A, other than in its
provision of a reference line. In particular, in this embodi-
ment, a single reference line 385 is provided, with its own
associated reference line control circuitry 390. In this
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embodiment, the enable signal for the reference line control
circuitry 390 is obtained by performing a logical OR opera-
tion on the MUX 0 and MUX 1 signals.

It will be appreciated that further configurations are pos-
sible, for example the approach of FIG. 4B could be extended
by also combining it with the approach of FIG. 3, so that the
single reference line is also shared between the top and bot-
tom sections.

Whilst not explicitly shown in FIGS. 3, 4A and 4B, all of
these configurations will also use the word line booster cir-
cuitry 197 to boost the asserted read word line during the
performance of a read operation, hence ensuring that the read
performance is not affected by the provision of the reference
line control circuitry.

The word line booster circuitry 197 can take a variety of
forms. A particular example configuration is shown in FIG.
5A. In particular, the PMOS transistor 400 and NMOS tran-
sistor 405 form an inverter as a final stage of word line driver
circuitry used to generate the word line signal on path 415 on
the basis of an input signal to the inverter on path 410.

In this configuration, the word line booster circuitry takes
the form of a PMOS transistor 420 coupling the inverter with
the power supply voltage, along with a delay element formed
by the inverters 430, 435 and a capacitor element 440. As will
be discussed in more detail with reference to FIG. 5B, the
word line booster circuitry 197 serves to boost the voltage at
the node 425 during at least part of the period in which an
asserted word line signal is output over path 415, hence boost-
ing the voltage of that asserted word line signal.

In particular, as shown in FIG. 5B, when the input signal
NWL on path 410 transitions to a logic zero level at the point
445, this will cause the inverter 400, 405 to transition the
output on the path 415 forming the word line (WL) signal to
a logic one level. This is indicated by the transition 450 in
FIG. 5B.

During this period of time, the boost signal provided as an
input to the PMOS transistor 420 is retained at a logic zero
level, hence turning on the PMOS transistor 420, and ensur-
ing that the node 425 is at the power supply voltage VDD.
However, as indicated by the transition 455, this boost signal
is subsequently transitioned to a logic one level. This transi-
tion is delayed in transit to the left side of the capacitor 440 via
the delay elements 430, 435 (although two inverters are
shown in the example of FIG. 5A, it will be appreciated that
the delay element can be formed from any number of inverters
dependent on the amount of delay desired). However, as the
voltage at the left hand side of the capacitor increases from the
logic zero to the logic one level, it will also then, via the
capacitive effect, increase the potential on the node 425. As
shown by the transition 460, this causes the asserted word line
signal on path 415 to have its voltage boosted to a higher level.
This turns the transistor 140 within the coupling circuitry 130
on very strongly, improving the performance of the coupling
circuitry.

FIG. 6 shows an arrangement where multiple of the block
structures of FIG. 1A are arranged to form a column of the
memory array. FIG. 6 shows one such column, where the top
memory cell region and bottom memory cell region of each
block contains 16 memory cells within their column group.
The output from each sense amp is provided as an input to a
corresponding NMOS transistor 515, 520, 525, and accord-
ingly it will be seen that if any of the blocks 500, 505, 510
include an addressed memory cell that stores a logic one value
at its node X 125, then the sense amp output will transition to
a logic one level during the read operation and hence turn on
the corresponding NMOS transistor. However, only one of
those transistors will be turned on, since for any particular
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read operation, there will only be one addressed memory cell
within a particular column. Hence, the global bit line 530,
which is precharged by the precharge circuitry 535 to a logic
one level prior to the start of the read operation, will be
discharged towards a logic zero level if the addressed memory
cell stores a logic one value at its node X 125. Otherwise, the
global bit line output will remain at a logic one level. The
voltage on the global bit line 530 can then be sensed by an
appropriate global sense amplifier structure (not shown), for
example an inverter.

FIG. 7 is a diagram schematically illustrating a logical
arrangement of a memory device in accordance with one
embodiment. In particular, the memory device 600 includes a
memory array 605 comprising an array of memory cells
arranged in a plurality of rows and columns. A plurality of
word lines 607 (including the earlier-described write word
lines and read word lines) are provided through the array in
order to allow individual rows of memory cells to be
addressed by the word line drivers 630 during write and read
operations. In addition, a plurality of bit lines 609 (including
the write bit line pairs, and the read bit lines referred to earlier)
are provided in association with the columns of memory cells.
Each column is coupled to the relevant write and read bit lines
to enable data to be written into an activated memory cell of
the column during a write operation, and for data to be read
from an activated memory cell of the column during a read
operation.

Precharge circuitry 615 is used to precharge the voltage
level on the bit lines under the control of control circuitry 610.
Following the precharge operation, a write operation or read
operation can be performed. For a write operation, the control
circuitry 610 will issue a control signal to the word line
drivers 630 in order to cause a particular row of memory cells
to be activated via the associated write word line, and the
control circuitry 610 will further cause the write driver cir-
cuitry 625 to control the voltages on the relevant write bit line
pairs, in order to cause the required data values to be written
into the memory cells of the activated row. For a read opera-
tion, again the control circuitry 610 will issue a control signal
to the word line drivers 630 in order to cause a particular row
of memory cells to be activated via the appropriate read word
line, and the sense amplifier circuitry 620 will then be used in
order to evaluate the voltages on the relevant read bit lines,
with the sensed read data then being returned to the control
circuitry 610.

The word line driver circuitry 630 will include the word
line booster circuitry 197 discussed earlier. Further, a plural-
ity of reference lines will be provided in association with the
various local bit lines, with the reference line control circuitry
including separate reference line control units for each of
those reference lines, with the control circuitry 610 generat-
ing enable signals for those reference line control units.

Whilst FIG. 7 is intended to logically illustrate the arrange-
ment of the memory device, it will be appreciated that it is not
intended to provide an indication of the structural arrange-
ment. For example, as will be apparent from the earlier dis-
cussion, the sense amplifier circuitry 620 is actually embed-
ded within blocks forming the memory array, as is the
precharge circuitry 615 and reference line control circuitry
650.

FIG. 8 schematically illustrates how a memory instance
including reference line control circuits and word line boost-
ing circuits in accordance with the above described embodi-
ments may be created from a memory compiler 700 with
reference to a memory architecture 710. The memory archi-
tecture 710 specifies a definition of circuit elements and data
defining rules for combining those circuit elements in orderto
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create a memory instance. Particular requirements for the
memory instance are entered into the memory compiler 700
as input parameters via a graphical user interface (GUI). As
will be appreciated by those skilled in the art, such input
parameters can specify various aspects of the desired memory
instance, for example defining the size of the memory array,
the multiplexing arrangements of the memory array, selection
of various optional features such as power gating features,
built-in-self-test (BIST) modes to be supported, etc.

The memory compiler 700 then generates the required
memory instance based on the input parameters and the
memory architecture 710. In accordance with one embodi-
ment, the memory compiler includes a plurality of reference
lines, each with an associated reference line control unit, and
also provides read word line booster circuitry in association
with each read word line driver, for use in the manner
described with reference to the earlier figures.

FIG. 9 schematically illustrates a general purpose com-
puter 800 of the type that may be used to implement the above
described memory compilation operation in order to generate
a memory instance. The general purpose computer 800
includes a central processing unit 802, a random access
memory 804, a read only memory 806, a network interface
card 808, a hard disk drive 810, a display driver 812 and
monitor 814 and a user input/output circuit 816 with a key-
board 818 and mouse 820 all connected via a common bus
822. In operation the central processing unit 802 will execute
computer program instructions that may be stored in one or
more of the random access memory 804, the read only
memory 806 and the hard disk drive 810 or dynamically
downloaded via the network interface card 808. The results of
the processing performed may be displayed to a user via the
display driver 812 and the monitor 814. User inputs for con-
trolling the operation of the general purpose computer 800
may be received via the user input output circuit 816 from the
keyboard 818 or the mouse 820 (and hence for example the
input parameters used to determine certain properties of the
required memory instance can be entered via this mecha-
nism). [t will be appreciated that the computer program could
be written in a variety of different computer languages. The
computer program may be stored and distributed on a record-
ing medium or dynamically downloaded to the general pur-
pose computer 800. When operating under control of an
appropriate computer program, the general purpose computer
800 can perform the above described memory compiler
operation and can be considered to form an apparatus for
performing the above described memory compiler operation.
The architecture of the general purpose computer 800 could
vary considerably and FIG. 9 is only one example.

From the above described embodiments, it will be appre-
ciated that the techniques of the described embodiments pro-
vide an improved mechanism for reducing leakage current
within a memory device, without compromising the read
performance of the memory device.

Although particular embodiments have been described
herein, it will be appreciated that the invention is not limited
thereto and that many modifications and additions thereto
may be made within the scope of the invention. For example,
various combinations of the features of the following depen-
dent claims could be made with the features of the indepen-
dent claims without departing from the scope of the present
invention.

We claim:

1. A memory device comprising:

anarray of memory cells arranged as a plurality of rows and

columns, each row of memory cells being coupled to an
associated read word line, each column of memory cells



US 9,171,634 B2

15

forming at least one column group, and the memory cells
of each column group being coupled to an associated
read bit line, each column group having an active mode
of operation where a read operation is able to be per-
formed on an activated memory cell within that column
group, and a non-active mode of operation where said
read operation is not able to be performed;

precharge circuitry configured, for each column group, to

precharge a voltage on the associated read bit line to a
first voltage level prior to said read operation;

each memory cell comprising coupling circuitry connected

between the associated read bit line and a reference line
associated with the column group containing that
memory cell;

reference line control circuitry configured, for each refer-

ence line having an associated column group in said
active mode of operation, to connect that reference line
to a second voltage level different to said first voltage
level, and configured for each reference line not having
an associated column group in said active mode of
operation to disconnect that reference line from said
second voltage level; and

word line boosting circuitry configured to generate an

asserted word line signal at a boosted voltage level on the
read word line associated with the row of memory cells
to be activated during said read operation;

during said read operation the coupling circuitry associated

with each activated memory cell is configured to be
activated by the asserted word line signal and to selec-
tively discharge the associated read bit line towards the
second voltage level present on said associated reference
line dependent on a data value stored within that acti-
vated memory cell; and

for each reference line not having an associated column

group in said active mode of operation, the action of the
reference line control circuitry disconnecting that refer-
ence line from the second voltage level serving to
remove a leakage current path through the coupling cir-
cuitry of each memory cell of that associated column
group.

2. The memory device as claimed in claim 1, wherein each
column group is configured to have its own reference line.

3. The memory device as claimed in claim 1, wherein
multiple of said column groups share the reference line.

4. The memory device as claimed in claim 3, wherein said
multiple of said column groups reside within a single column
of the memory array.

5. The memory device as claimed in claim 3, wherein said
multiple of said column groups reside within multiple col-
umns of said array that are provided in a multiplexed arrange-
ment such that only one of those multiple columns is activated
during the read operation.

6. The memory device as claimed in claim 1, wherein:

the reference line control circuitry comprises a reference

line control unit for each reference line, and the memory
device comprises control circuitry configured to gener-
ate an enable signal for each reference line control unit;
and

each reference line control unit is responsive to the control

circuitry setting the enable signal to connect said asso-
ciated reference line to said second voltage level, and is
responsive to the control circuitry clearing the enable
signal to disconnect said associated reference line from
said second voltage level.

7. The memory device as claimed in claim 6, wherein each
reference line control unit comprises NMOS transistor cir-
cuitry, and the enable signal is set to a logic one value.
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8. The memory device as claimed in claim 6, wherein the
enable signal is derived from a column multiplexer read selec-
tion signal used to identify the columns of the array whose
memory cells are to be subjected to the read operation.

9. The memory device as claimed in claim 1, further com-
prising:

word line driver circuitry configured, during the read

operation, to generate the asserted word line signal as a
pulse signal on the read word line coupled to the row of
memory cells to be activated during said read operation
so as to activate those memory cells whilst the pulse
signal is asserted, the word line boosting circuitry being
incorporated within the word line driver circuitry; and
sense amplifier circuitry connected to the associated read
bit line of each column group, and configured for each
activated memory cell to determine that that activated
memory cell stores a first value if the voltage on the
associated read bit line transitions to a trip voltage level
between said first and said second voltage levels whilst
the pulse signal is asserted, and to determine that the
activated memory cell stores a second value if the volt-
age on the associated read bit line does not transition to
said trip voltage level whilst the pulse signal is asserted.

10. The memory device as claimed in claim 9, wherein said
word line driver circuitry includes an inverter circuit whose
output forms the pulse signal, and the word line boosting
circuitry is configured to boost the voltage across the inverter
circuit for at least part of the period that the pulse signal is
asserted.

11. The memory device as claimed in claim 9, further
comprising:

bit line keeper circuitry coupled to each read bit line and

configured during a read operation to weakly pull the
voltage on each read bit line towards the first voltage
level so as to avoid leakage current within the coupling
circuitry of the memory cells of the associated memory
cell group from causing the voltage on the associated
read bit line to transition to said trip voltage level
between said first and said second voltage levels whilst
the pulse signal is asserted.

12. The memory device as claimed in claim 1, wherein the
coupling circuitry of each memory cell comprises a plurality
of coupling transistors arranged in series between the associ-
ated read bit line and said reference line, a gate terminal of at
least one of the coupling transistors being connected to the
associated read word line and a gate terminal of at least one
other of the coupling transistors being connected to an inter-
nal storage node of the memory cell.

13. The memory device as claimed in claim 1, wherein the
first voltage level is a supply voltage level and the second
voltage level is a ground voltage level.

14. The memory device as claimed in claim 1, wherein each
column of memory cells forms a plurality of column groups.

15. A method of controlling leakage current within a
memory device comprising an array of memory cells
arranged as a plurality of rows and columns, each row of
memory cells being coupled to an associated read word line,
each column of memory cells forming at least one column
group, and the memory cells of each column group being
coupled to an associated read bit line, each column group
having an active mode of operation where a read operation is
able to be performed on an activated memory cell within that
column group, and a non-active mode of operation where said
read operation is not able to be performed, the method com-
prising:

for each column group, precharging the associated read bit

line to a first voltage level prior to said read operation;
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for each memory cell, providing coupling circuitry con-
nected between the associated read bit line and a refer-
ence line associated with the column group containing
that memory cell;

for each reference line having an associated column group
in said active mode of operation, connecting that refer-
ence line to a second voltage level different to said first
voltage level;

generating an asserted word line signal at aboosted voltage
level on the read word line associated with the row of
memory cells to be activated during said read operation;

during said read operation, causing the coupling circuitry
associated with each activated memory cell to be acti-
vated by the asserted word line signal and to selectively
discharge the associated read bit line towards the second
voltage level present on said associated reference line
dependent on a data value stored within that activated
memory cell; and

for each reference line not having an associated column
group in said active mode of operation, disconnecting
that reference line from said second voltage level in
order to remove a leakage current path through the cou-
pling circuitry of each memory cell of that associated
column group.

16. A memory device comprising:

an array of memory cell means arranged as a plurality of
rows and columns, each row of memory cell means for
coupling to an associated read word line, each column of
memory cell means for forming at least one column
group, and the memory cell means of each column group
for coupling to an associated read bit line, each column
group having an active mode of operation where a read
operation is able to be performed on an activated
memory cell means within that column group, and a
non-active mode of operation where said read operation
is not able to be performed;

precharge means, for each column group, for precharging
the associated read bit line to a first voltage level prior to
said read operation;

30
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each memory cell means comprising coupling means for
connecting between the associated read bit line and a
reference line associated with the column group contain-
ing that memory cell means;

reference means, for each reference line having an associ-

ated column group in said active mode of operation, for
connecting that reference line to a second voltage level
different to said first voltage level, and for each reference
line nothaving an associated column group in said active
mode of operation, for disconnecting that reference line
from said second voltage level; and

means for generating an asserted word line signal at a

boosted voltage level on the read word line associated
with the row of memory cell means to be activated
during said read operation;

during said read operation, the coupling means associated

with each activated memory cell means being activated
by the asserted word line signal and for selectively dis-
charging the associated read bit line towards the second
voltage level present on said associated reference line
dependent on a data value stored within that activated
memory cell means; and

for each reference line not having an associated column

group in said active mode of operation, the action of the
reference means disconnecting that reference line from
the second voltage level serving to remove a leakage
current path through the coupling means of each
memory cell of that associated column group.

17. A computer program storage medium storing a memory
compiler computer program for controlling a computer to
generate an instance of a memory device from a memory
architecture associated with the memory compiler computer
program, the memory architecture specifying a definition of
circuit elements and data defining rules for combining those
circuit elements, such that said instance generated specifies
the memory device as claimed in claim 1.
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